Arsenic (As) is a toxic metalloid element in ground and surface waters . As-contaminated soil in China is widespread covering an area of 14 million ha, in 11 provinces (Gu and Zhou 2002) . Chen and Zhou (2002) reported that there were large areas of farmland and groundwater that were polluted by As around mining areas. The concentration of arsenic in soils around local mining areas was as high as 237.2 mg/kg, and the average As concentration in vegetables reached 0.74 mg/kg (Liao et al. 2005) . Arsenic cannot only affect crop growth, but also bioaccumulate through the food chain and affect the human health. Arsenic can cause skin cancer, affect bladder, liver, kidney, lung and prostate, cause black-foot disease, coronary artery disease and other chronic arsenic poisoning. Rapeseed (Brassica napus L.) was planted in arsenic-contaminated fields and it was reported that rapeseed has a high tolerance and absorptive capacity for heavy metals (Ebbs 1997) . However, our knowledge on rapeseed growth and yield and absorption of As by rapeseed in arsenic contaminated soils is still limited.
Sulfur (S) is an essential element for plants. Some chemical compounds which contain S, such as glutathione (GSH), phytochelatins (PCs; the polymers of GSH) etc., are some of the main components in plant that can eliminate heavy metal stress and play an important part in non hyperaccumulator plants' resistance to heavy metal (Steffens 1990 , Salt et al. 1998 , Cobbett 2000 . In China, some soils are low in S, because of the application of fertilizers that are low in S (Liu 1995) . Rapeseed is one of the plants that need significant S (Hrivna et al. 2001) . Application of S to rapeseed can increase its yield (Blake-Kalff et al. 1998) . Sulfur has some functions of notable mitigative effect to both plants' environmental stress and heavy metal pollution (Fitzgerald et al. 2001) . However, our understanding on the role that S plays in rapeseed's ability to tolerate As is limited. This knowledge is important in our use of rapeseed to decontaminate As-polluted soils. available S 15.80 mg/kg, available As 0.04 mg/kg soil. The soil was mixed, air-dried, and ground to a particle size of < 2 mm.
Experimental design. Four levels of S (0, 50, 100, and 150 mg/kg soil) and As (0, 60, and 120 mg/kg soil) were used in this experiment, resulting in a total of 12 treatments (As 0 S 0 ; As 0 S 50 ; As 0 S 100 ; As 0 S 150 ; As 60 S 0 ; As 60 S 50 ; As 60 S 100 ; As 60 S 150 ; As 120 S 0 ; As 120 S 50 ; As 120 S 100 ; As 120 S 150 ). Each treatment had 4 replicates. Plastic pots with 20 cm in height and 20 cm in diameter were used, and each pot was filled with 5 kg soil.
Soil Ten rapeseed (Brassica napus L.) seeds of cultivar No. 2 Zhong-You-Za were directly sowed in each pot. The plants were thinned to 5 per pot three weeks later, and to one plant per pot one month later. Water content of the soil maintained at 80% of water holding capacity, and N fertilizer was added as urea (200 mg/kg soil) after two months. The plants were harvested and were separated to roots, stems, grain and pod, and dried in the oven at 70°C.
Chemical analysis. The plant samples were digested with a solution of 5:1 concentrated HNO 3 : HClO 4 (v/v). Total As in the plant was determined by an atomic absorption spectrophotometer (GBC 906AA, Australia, VARIAN) (He et al. 2002) . Total S in the plant was determined by inductively coupled plasma-atomic emission spectroscopy (ICPVISTA-MPX) (Huang and Schulte 1985) .
Available As was analyzed by an atomic absorption spectrophotometer after Extraction in 0.5 mol/L NaHCO 3 . Available S was analyzed by inductively coupled plasma-atomic emission spectroscopy after extraction in 2 mol/L Ca (H 2 PO 4 ) 2 (Huang and Schulte 1985, He et al. 2002) . Available K was analyzed by flame photometer after extraction in 1 mol/L CH 3 COO(NH 4 ) 2 .
Data analysis. All data were statistically analyzed with a two-way ANOVA procedure using SAS 8.1 software, and the mean values of each treatment underwent multiple comparisons using the Tukey's test at the P < 0.05 level. Correlation coefficients between two variables were determined by the CORR procedure of SAS 8.1.
RESULTS AND DISCUSSION
Effect of sulfur application on yield. There was no significant effect of sulfur application on the biomass yield of rapeseed when no As was applied; seed yield significantly decreased in the treatment S 100 and S 150 compared with the treatment S 50 at As 0 , though (Table 1) . However, when As was applied at 120 mg/kg, sulfur application to the rapeseed significantly increased the biomass and grain yield, especially in the S 150 treatment (Table 1) . There was 15% increase in biomass and 21% increase in grain yield compared with the S 0 treatment. Arsenic has a high affinity with sulfur, it can exert its toxicity to plants after reduction to arsenite (As (III) ), through interaction with thiol (-SH) groups of proteins, amino acid and enzymes (Abedin et al. 2002, Meharg and Rahman 2003) . However, reduction of As (V) to As (III) and complexation of As (III) with glutathione (GSH) and phytochelatins (PCs) which were S-containing metabolites followed by sequestration of these complexes in vacuoles was considered as a major strategy of As detoxification in plants ( Koch et al. 2000 , Bleeker et al. 2006 ). This study showed that biomass yield as well as grain yield of rapeseed were significantly decreased under high As (120 mg/kg) stress. Yet, S application increased the biomass and grain yield under high As (120 mg/kg) stress (Table 1) . Sulfur concentration and distribution in different plant parts. Sulfur was mainly accumulated in the pods and seeds of rapeseed, but was low in roots: the S concentration in pods were 6-9 times higher than that in roots (Figure 1 ). With the S 150 treatment, the sulfur concentration in the stem and pod significantly increased and reached a maximum when As was added. There was an obvious interaction between As and S additions on the concentrations of S in the root, stem and pod of rapeseed. Application of arsenic tended to increase S concentrations in the root and pod (except for As 60 S 0 in root and As 60 S 50 in pod), and the highest S concentration was observed at the level of 120 mg/kg As soil.
Most of the sulfur, 74-84%, taken up was retained in the pod and seed (Table 2) . Furthermore, application of S decreased the distribution of S in seed and increased the distribution of S in stem, as compared with the control, irrespective of As supply. With the As treatments, the distribution of S in pod increased with the S addition.
In this study, application of As increased S concentrations in root, pod (Figure 1 ) and whole-plant (data not shown). Upon exposure to As stress plants need to harmonize biosynthesis and consumption of thiols to achieve a new state of metabolic equilibrium to combat the stress, and sulfur was the main component of thiols (Friedrich and Schrader 1978, Mishra 2008 ). Once exposed to As, level of thiols would decline due to their consumption in As detoxification. It would lead to an increase in S demand resulting in derepression of the whole pathway to tackle the stress imposed (McMahon and Anderson 1998, Nikiforova et al. 2005) . Therefore, under As stress, the rapeseed would absorb more S, which resulted in increased S concentrations in root and pod.
Arsenic concentration and distribution in different parts of rapeseed. The concentration of arsenic was the highest in the root, and the lowest in the seed. Arsenic concentration in different parts of rapeseed significantly increased with increasing As concentration in the soil, and reached the maximum in the As 120 treatment (Figure 2 ). Arsenic concentration of the seed significantly decreased with increasing S application. The concentration of As in the seed decreased 51.9% in As 60 S 150 treatment compared with that in the As 60 S 0 treatment.
Arsenic was mainly accumulated in pod and stem. About 60-89% of As absorption by the plant was concentrated in its pod and stem (Table 3) . The distribution of As in seed was decreased by S addition. In addition, when the concentration of As in soil were 0 and 60 mg/kg, the distribution of As in root was decreased by S addition, but the distribution of As in pod increased. However, the distribution of As in pod and root had the opposite effects by S addition in the level of As 120 mg/kg. Therefore, when the concentration of As in the soil is within 0-60 mg/kg, As was promoted to migrate to the aboveground parts with the application of S. However, when the concentration of As in soil reached 120 mg/kg, the distribution ratio of As in aboveground parts decreased with S addition.
In the arsenic treatments, the As concentration and distribution of As in seed decreased with increasing S application in the soil. At the level of 120 mg/kg As, the As concentration in seed had reached 0.7 mg/kg and exceeded Chinese food hygiene and safety standard of 0.7 mg/kg with no S addition (SAC 1994) . The content of As in seed was lower than 0.7 mg/kg when S was applied (Figure 2) , and it would be safe to eat. This was mainly because of the combination of As with thiol in root, which inhibited As transfer to the shoots. Similarly, in the process of nutrient transport from leaf to seed, it also had the role of retention of As (Kabata-Pendias and Pendias 1984, Liu et al. 2008) . This suggested that sulfur application can promote the absorption of arsenic from the soil in rapeseed. Therefore, higher As accumulation in rapeseed with S application may be attributed to the availability of higher sulfate in the soil solution, and to increases of S-containing detoxifying metabolites inside the cell (Nieboer et al. 1984 , Hunaiti et al. 2007 ).
In conclusion, an increase in S supply to rapeseed was found to be effective in increasing the accumulative capability and grain yield of rapeseed in As-contaminated soil. Furthermore, application of S reduced the content of As in seed. Therefore, the phytoremediation capacity and grain yield of rapeseed may be enhanced through exogenous S application. 
